Two cardioacceleratory peptides from the corpora cardiaca of Periplaneta americana have been purified by gel filtration and reversed-phase liquid chromatography. Based on analysis of the intact factors and their chymotryptic fragments, we have assigned the primary structure of these octapeptides as pGlu-Val-Asn-Phe-Ser-Pro-Asn-Trp-NH2, designated periplanetin CC-1, and pGlu-Leu-Thr-Phe-Thr-ProAsn-Trp-NH2, designated periplanetin CC-2. They represent new members of a family of invertebrate peptides that includes locust adipokinetic hormone and crustacean red-pigment concentrating hormone. Both peptides show adipokinetic activity in grasshoppers and hyperglycemic activity in cockroaches.
The insect corpora cardiaca (CC) are major neurohemal organs that are analogous to the vertebrate hypothalamohypophyseal system. Not only do the CC store and release products synthesized in the brain, but also they contain intrinsic glandular cells producing a variety of bioactive factors affecting developmental, metabolic, and myotropic processes (1) . Many of these factors appear to be peptides; only one, adipokinetic hormone (AKH) from Locusta migratoria, has been identified (2) .
Corpora cardiaca of the cockroach Periplaneta americana have proven a rich and accessible source of bioactive factors. Previous studies have demonstrated that CC homogenates and partially purified fractions affect the cockroach heartbeat (3) (4) (5) (6) and elevate the concentration of hemolymph trehalose (the main sugar in blood of most insects) (7) (8) (9) . These factors appear to be peptides (3, 7) , but it is difficult to assess how many are actually distinct substances or whether some of them have multiple activities (8, [10] [11] [12] .
Amino acid compositions for three cardioacceleratory peptides from cockroach CC, but no sequence information, have been reported to date. These include neurohormone D, a peptide of Mr 1000 (6) , and factors "2a and 2b," small peptides of Mr 1000-2000 (11) . Factor 2b was reported to have hyperglycemic activity that diminished upon purification, while a factor similar to 2b also has been reported to have hyperglycemic activity (ref. 13 as cited in ref. 9) .
In this paper we report the isolation and sequence determination of two structurally related octapeptides from the CC of P. americana that have cardioacceleratory and hyperglycemic activity in the host insect.
MATERIALS AND METHODS Insects. Cockroaches (P. americana) were raised at 28°C and 50% relative humidity under a 16-hr light/8-hr dark photo regime and were fed on dry dog food. Corpora cardiaca with corpora allata attached were dissected from 0-to 6-wk-old cockroaches and collected in saline (5 mM CaCl2/1 mM MgCl2/5 mM KCI/140 mM NaCl/4 mM NaHCO3/5 mM trehalose/20 mM Hepes, pH 7.0) at 0°C prior to freezing (-20°C). A total of -4000 cockroach CC were used.
Heart Bioassay. Aliquots of all fractions from purifications were assayed for bioactivity by using a semiisolated heart preparation (6). Heart rate was monitored with an impedance converter (UFI model 2991) connected to a frequency integrator and recorder. A heart was selected on the basis of frequency (-60 beats per min) and regularity and then was bathed in saline to stabilize (30 min). Test samples to be assayed were applied to the heart in a volume of 50 ,u.
Carbohydrate and Lipid Bioassays. Hemolymph carbohydrate levels in P. americana and hemolymph lipid levels in the grasshopper Schistocerca nitens were determined as reported (14) . In both assays values were calculated as percentage increase over saline-injected controls.
Extraction and Preliminary Purification. The CC were homogenized in 5 M acetic acid (1.0 ml per 1000 CC) with a 0.5-ml glass homogenizer. The homogenate was centrifuged (10 min at 10,000 x g), and the pellet was reextracted. The combined supernatants were applied to a Sephadex G-25 column (1.3 x 100 cm) and eluted with 5 M acetic acid at 6.5 ml/hr at 21°C. To each fraction was added 100 ,ug of bovine serum albumin prior to drying in a Speed Vac concentrator (Savant). Alternatively, supernatants of CC extracts were applied to a Sep-Pak C18 cartridge (Waters), which was washed and then eluted with 30% 1-propanol/H20 into tubes, each containing 100 ,ug of bovine serum albumin.
Isolation by Reversed-Phase Liquid Chromatography (RP-LC). Prepurified extracts of CC were further purified by gradient elution RP-LC (see Fig. 1 ) with a Spectra-Physics model 8700 pump and model 8300 UV detector (254 nm) in series with a Kratos model 773 UV detector (220 nm); a Hewlett-Packard model 3357 data system provided integration and retention data. Those fractions with cardioacceleratory activity were rechromatographed separately in a 25 x 0.46 cm column of 10-,um C18 support (Aquapore RP-300; Brownlee Labs, Santa Clara, CA) with 9% 1-propanol in 0.1% CF3COOH/H20 (for CC-1) and 12% 1-propanol (for CC-2) as eluents. However, the factors obtained from purification of an early batch as in Fig. 1 were instead next analyzed by using a slow gradient of CH30H in 0.1% CF3COOH/H20 as in Fig. 2 (Fig. 1) . Two bioactive zones were observed and appeared to coincide with prominent UV-absorbing peaks. These bioactive zones were rechromatographed with a different system using CH30H rather than CH3CN; bioassay of 0.5-min fractions revealed that biological activity was coincident with UV absorbance of the major component for each factor (Fig. 2) . Final purification of later batches was effected by using 1-propanol rather than methanol with the isocratic conditions described in Materials and Methods.
Initial Characterization. Our estimation of Mr 800-1500 for CC-1 and CC-2 is in agreement with that found for CC factors in previous studies (6, 11) . We assumed at this point that one of our factors was identical to neurohormone D, whose amino acid composition and physicochemical properties are remarkably similar to two other invertebrate peptides, AKH and RPCH (2, 17) (Fig. 3) . Moreover, synthetic AKH has been reported to have cardioacceleratory activity (18) . The amino acid composition of neurohormone D differs from that of RPCH (Fig. 3 ) by only two residues (one extra Asx, one Val, and no Gly or Leu), assuming the Trp was lost under the hydrolysis conditions used (6) . The electrophoretic immobility of neurohormone D was suggestive of both amidated COOH terminus and Asx residues as well as a blocked NH2 terminus, so we speculated that the sequence of neurohormone D (and most likely one of our factors) might be pGlu-
This seemed reasonable because AKH has Asn residues at positions 3 and 7; replacement of Leu with Val is a conservative change. While this investigation was in progress, a similar analysis led to the same speculation (19 fractions were collected for identification of fragments by amino acid analysis and mass spectrometry. The peptide maps from digestion of CC-1 and [Val2,Asn7]RPCH were identical, whereas the profiles from [Thr5 '7] RPCH vs. CC-2 were somewhat different (data not shown). The two major chymotryptic fragments from CC-1 were presumed to be pGlu-Val-Asn-Phe and Ser-Pro-Asn-Trp-NH2. Amino acid analysis of aliquots of the two main fragments of CC-1 supported this assumption, whereas the amino-acid analysis of aliquots of the two major fragments from CC-2 showed compositions of (i) Glx (1), Leu (1),Thr (1), and Phe (1) and (ii) Thr (1), Pro (1), Asx (1), and Trp (1) ( Table 2 ). These compositions allowed formulation of an alternative hypothesis for the sequence of CC-2-namely, pGlu-Leu-Thr-PheThr-Pro-Asn-Trp-NH2, ([Thr3'5,Asn7]RPCH). A synthetic sample of this analog was found to be inseparable from CC-2 and [Thr5 7]RPCH on C18 columns. Samples of [Thr3 5, Asn7]RPCH and CC-2 were digested with chymotrypsin; the peptide maps from RP-LC were now identical with respect even to minor fragments. Additionally, we developed RP-LC conditions that gave a partial separation (a = 1.058) of these two synthetic isomers by using a 15 x 0.46 cm phenyl column (5-,um Vydac, eluted with 10% 1-propanol/0.1% CF3COOH/H20). Under these conditions, CC-2 and [Thr3 5, Ans7]RPCH were coeluted at 88.7 min, while [Thr5 '7] RPCH was eluted at 93.7 min.
We synthesized a number of tetrapeptides for comparison to the chymotryptic fragments and developed isocratic RP-LC conditions allowing their resolution (Fig. 4) . The two major fragments from CC-1 had retention behavior on RP-LC identical with synthetic pGlu-Val-Asn-Phe and Ser-ProAsn-Trp-NH2, respectively, whereas the fragments from CC-2 were coeluted with pGlu-Leu-Thr-Phe and Thr-Pro-AsnTrp-NH2 rather than with the fragments that would have been expected from our initial hypothesis.
Final proof of sequence of the chymotryptic fragments from CC-1 and CC-2 was obtained by using direct chemical ionization mass spectrometry. Methanol solutions of peptides were evaporated on a polyimide-coated fused-silica capillary, which then was inserted directly in the electron beam. When direct chemical ionization mass spectrometry with ammonia as reagent is used, small peptides generally show MH+ and MH + + NH3 peaks and abundant fragment ions of two major classes: NH2-terminal amide ions and COOH-terminal ammonium ions (20) . In the case of CC-1, the NH2-terminal fragment (ZVNF, Table 2 ) afforded a mass spectrum (not shown) identical with that of synthetic pGluVal-Asn-Phe; spectra contained fragment ions at m/z 129, 228, and 342 of the NH2-terminal amide-type and at m/z 379, 280, and 166 of the COOH-terminal ammonium-type (20) . Thus, we observed two fragment ions for each amide bond providing complete sequence information. The COOH-terminal fragment of CC-i (SPNW-NH2, Table 2 ) exhibited a mass spectrum containing strong ions (m/z 130, 155, and 172) derived from the indole side chain of Trp, but also displayed MH+ and prominent ions from cleavage of each of the three amide bonds, proving identity of sequence of this fragment with synthetic Ser-Pro-Asn-Trp-NH2. Based on sequence of both chymotryptic peptides and the amino acid composition, the sequence of CC-1 can only be as shown in Fig. 3 . Spectra of fragments of CC-2 were less clear-cut because of the very small samples available: less native CC-2 was isolated than CC-1, adsorptive losses in processing were greater, and yields were lower in digests. The mass spectrum of the NH2-terminal fragment, although not a precise match with that of synthetic pGlu-Leu-Thr-Phe because of the absence of MH+ and a few other high-mass ions, did show ions at m/z 129 and 146 characteristic of NH2-terminal pGlu-, a strong ion at m/z 242 from pGlu-Leu-, and a strong ion at m/z 343 consistent with pGlu-Leu-Thr-. Taken together with the amino acid composition data and the coelution of native and synthetic fragments on RP-LC (Fig. 4) , these data are consistent only with the sequence pGlu-Leu-Thr-Phe.
Mass spectral analysis of the COOH-terminal fragment TPNW-NH2 was the most difficult. We observed an ion at (Fig. 4) . We conclude that the sequence of CC-2 must be pGlu-Leu-Thr-Phe-Thr-Pro-Asn-Trp-NH2 (Fig. 3) , based on sequence analysis of the chymotryptic fragments.
Synthetic periplanetins CC-1, CC-2, analogs, and native CC-1 and CC-2 were compared for their abilities to accelerate the semi-isolated cockroach heartbeat ( Table 1) . All of the compounds tested were active at 10 nM (-0.5 pmol/assay), but the intrinsic variation in the heart bioassay made quantitative distinction between peptides unreliable.
AKH and RPCH have similar biological activity in organisms of different orders (21) (22) (23) . We suspected that the periplanetins would have adipokinetic activity because of sequence similarities and because cockroach CC contain adipokinetic activity (12, 24) when assayed in L. migratoria. The hyperglycemic activity of AKH and.RPCH (23, 25) also suggested a similar role for the periplanetins.
The effects of the periplanetins on hemolymph lipids in grasshoppers and carbohydrate mobilization in cockroaches were examined (Table 3) . The well-known variability in both assays (14) does not permit quantitative differentiation amongst peptides showing activity. (26, 27) and a hyperglycemic peptide from Carausius (9) , based solely on sequence homology.
The periplanetins, the newest members ofthe AKH-RPCH family, possess biological activities that are in agreement with previous studies suggesting multiple activities for CC factors (8, (10) (11) (12) . Separation of hyperglycemic from adipokinetic activity from cockroach CC has been reported (12) , but our data suggest this to be incorrect. CC-1 is almost certainly the factor originally given the name neurohormone D (6), and CC-1 and CC-2 are also excellent candidates for the factors affecting carbohydrate metabolism given the names "trehalagon" (28, 29) or "hypertrehalosemic"/"hyperglycemic" factors (9 Not until after observing elevation of hemolymph carbohydrate levels by CC-1 and CC-2 did we notice sequence homology between CC-2 and the NH2 terminus of glucagon (Fig. 3) . In the light of this homology and reports that cockroach CC contain glucagon-like immunoreactive components (30) , it should be interesting to examine the ability of an NH2-terminal directed glucagon antibody to bind CC-2 or CC-1.
In the last 20 years, several groups have reported that the hyperglycemic action of the CC factor(s) on insect fat body is similar to the action of glucagon on the mammalian liver (28, 29, 31, 32) . A "phosphorylase cascade" leading to the breakdown of fat body glycogen and elevation of hemolymph carbohydrate has been implicated in these studies, all of which used crude or semipurified material from the CC. With synthetic samples of the periplanetins, we can now examine the mechanisms involved in hyperglycemic action.
